This paper presents the design and fabrication of an ultra-thin and flexible electromagnetic interference (EMI) shield that is capable of rejecting multiple unwanted frequencies. The design starts with the equivalent circuit model of periodic concentric rings to determine the initial geometrical dimensions of the rings efficiently. Then it followed by full-wave electromagnetic simulation to fine-tune the final dimensions for the desired frequency response. Impacts of various geometrical designs on the EMI shielding performance of the concentric ring design are analyzed and discussed. With these results, an ultra-thin and flexible EMI shield is fabricated using the screen printing technique. Finally, its multi-band rejection performance is validated experimentally. Good correlation between measurement and simulation is demonstrated in this paper.
Introduction
With the exponential growth of wireless communications, the number of base stations is expected to increase for better service coverage. As a result, there is a strong likelihood of electromagnetic interference (EMI) from these wireless communications to other sensitive electronic devices. EMI mitigation, such as shielding, has been gaining attention [1] . To protect sensitive equipment from potential EMI threat, there is an increasing demand for architectural shielding. The conventional shielded enclosures are heavy and add structural loadings to existing buildings [2] . Hence, light weight EMI shields that are ultra-thin, highly flexible and can be applied to existing walls of a building will be an attractive solution [3] . Besides the weight issue, conventional metallic en-closures have no frequency selective shielding feature and practically block out electromagnetic waves of all frequencies. For EMI shield that only block out several undesirable frequencies, frequency selective surface (FSS) design maybe applied to offer such capability [4] - [6] . The FSS design also allows void areas to be implemented on the shield, leading to another desirable property, the optical transparency.
There are much reported work on frequency selective structures for various applications and will not be repeated here [7] - [17] . However, it is to be noted that in order to achieve multi-band frequency selective surfaces, cascaded FSSs are usually used. The cascaded nature of the design leads to relatively thick shield [18] - [20] . In order to implement the design onto a single layer, loop design is a good choice [21] [22] . By taking advantage of printed periodic elements to provide the frequency selective feature, the EMI shield can reject specific unwanted frequencies without affecting other wireless services. This paper describes the design procedure of an ultra-thin and flexible multiple-band rejection EMI shield. Screen-printing technique is adopted for the fabrication of the EMI shield because of its roll-by-roll mass production capability. A prototype based on screen-printing is fabricated and its multi-band rejection capability is demonstrated experimentally.
Basic Theory
FSSs are periodic structures resonating at specific frequencies and work as either high pass, low pass, band pass or band stop filters. The frequency response depends on its shape, periodic pattern and geometrical dimensions. The periodic structure can be modeled as an array of equivalent inductors and capacitors for ease of interpretation and analysis [23] . This concept was first applied in the analysis of grids by Anderson [24] and subsequently, there are numerous works concerning its use in modelling different structures having straight conductors [25] - [27] .
To achieve multi-band rejection capability with a single layer structure, a ring structure is proposed, as multiple resonances can be created using concentric rings of different radii. Figure 1 shows the geometry of a unit cell and periodic arrays for single and multiple ring designs.
As mentioned earlier, the ring structure is selected as it allows multiple rings to be placed on the same layer. The fundamental resonance for a concentric ring can be estimated with the following equation 
where r λ is the resonant wavelength, c is the speed of light in vacuum, r f is the resonant frequency and r is the radius of the ring. For a single ring, its inductance is given by [28] :
where 0.57 0.145ln
k is a correction factor to account for the effect of the ground plane, h is the substrate thickness and w is the width of the ring. With the known inductance and the resonant frequency of the ring structure, its equivalent capacitance can be obtained by [25] :
With the calculated equivalent inductance and capacitance of the ring, the ABCD matrix representation of a ring is shown in Figure 2 .
The reflection and transmission coefficients can be determined as follows [29] : (5) and (6) allow efficient computation of the transmission and reflection coefficients.
Full-Wave Modeling and Analysis
Once the initial geometrical dimensions of the ring structure is obtained from the equivalent circuit model, 3D full wave simulation of the structure can be carried out using a commercial 3D EM solver software with the necessary boundary conditions being considered [30]- [32] . To understand the impacts of various parameters on the rejection performance, the results of different geometrical dimensions are presented in this section. Figure 3 and Figure 4 show the full-wave simulated and estimated transmission coefficients for different radii, respectively. It can be seen that the results estimated based on the equivalent circuit model (ECM) resemble well with those simulated using full-wave simulation tool except very slight shift in resonant frequency. However, the ECM approach is highly efficient to synthesize the design quickly without heavy computational effort. This allows parametric analysis to be carried out efficiently as compared to full-wave simulation. Figure 5 shows the simulated transmission coefficients for a printed ring on a substrate of thickness ranges from 0.1 mm to 4.0 mm. In the simulation model, the dielectric constant of the substrate is 4 and the radius of the ring is 30 mm. It can be clearly observed that as the resonant frequency shifts downwards with increasing substrate thickness. When the substrate thickness becomes thin enough (h < r λ /1000), the shift in resonant frequency due to the substrate becomes negligible. 
Single Ring with Different Radii

Single Ring with Varying Substrate Thickness
Effect of Substrate Material
To look into the impact of substrate with different dielectric constants, a parametric study is carried out. The radius of the printed ring is kept unchanged at 30 mm and the substrate thickness is also kept at 0.1 mm. A para-metric study is carried out with dielectric constant varies from 1 to 4, in steps of 0.5. Figure 6 shows the simulated transmission coefficients for varying dielectric constant.
The simulated results reveal that if the substrate thickness is very thin, the impact of substrate's dielectric constant on the resonant frequency is minimal.
For the case of a printed ring on one side of a thick substrate, the maximum resonant wavelength is expressed as follows [5] 
It can be included in Equations (1)- (7) for the analysis of thick EMI shield. This paper will not dwell into the details, as the focus of this paper is on ultra-thin multi-band rejection EMI shield design.
Multi-Band EMI Rejection Shield
To demonstrate an ultra-thin multi-band rejection EMI shield with good optical transmission, this section describes the design of a tri-band EMI shield using concentric rings placed on the same layer. Using the ECM approach discussed in the earlier section, the radii of the printed rings to achieve the three desired frequencies are obtained. With the preliminary geometrical dimensions, further fine-tuning is carried out to achieve the final dimensions for all the resonances to be met on a single-layer design. Table 1 shows the dimensions of the preliminary and final designs. Figure 7 shows the simulated transmission coefficient of the final design after several fine tuning iterations.
For the fabrication of the printed EMI shield, the silver ink is chosen. Its conductivity can be obtained by measurement using a four-point probe technique. The probe is placed in the centre of a fully printed circular pattern. The measured conductivity is founded to be 2.6 × 10 6 S/m [33] - [35] . Post profile measurement of a circular printed silver disc shows that it has a thickness of 10 µm. The substrate chosen has a dielectric constant of 2.2 with a thickness of 0.1 mm. The electrical properties of both substrate and silver ink are incorporated into the full-wave model to improve the simulation accuracy [36] .
Finally, the tri-band EMI design is realized with screen-printing technique. The key factor behind the use of this process is its ability to print on flexible substrate [37] . Also, the roll-by-roll printing capability makes it an attractive choice for mass production purposes [3] . Being an additive process, it minimizes material wastage. Figure 8 shows the photo of the tri-band rejection EMI shield fabricated by the screen-printing technique.
To validate the tri-band rejection performance of the fabricated EMI shield, a dual horn antenna measurement method proposed in [38] is adopted. Figure 9 shows the experimental setup for characterizing the shielding effectiveness (SE) of the EMI shield. The shield is placed between two horn antennas (EMCO 3115, 1 -18 GHz). The transmitting and receiving antennas are connected to a vector network analyzer (R & S ZVB8, 300 kHz to 8 GHz) [39] . The adopted method allows SE measurement of planar material without special preparation of edge contacts.
To obtain the SE of the shield, two sets of measurements are to be collected, one with the EMI shield and another without the EMI shield. Once the two measured transmission coefficients are obtained, the SE of the shield can be computed by: 
where 21 ,without shield S and 21,with shield S are the measured transmission coefficients without and with the shield, respectively.
To ensure consistency, the shielding performance of the fabricated EMI shield is simulated with the measurement setup included in the model. The dimension of the simulated volume is 350 mm × 350 mm × 1200 mm. In the simulation, absorbing boundary conditions are enforced on all the six faces of the defined volume [40] . Both horn antennas are placed at a distance of 300 mm away from the shield to emulate the actual experimental setup. Figure 10 shows complete simulation model including the EMI shield and the horn antennas.
Taking advantage of plane symmetries helps to reduce the computational effort significant. In the model, two planes of symmetry, y-z plane and x-y plane are exploited. The maximum and minimum grid sizes are 6.7 mm Figure 11 compares the simulated and measured SE of the EMI shield, where the three rejection frequency bands are clearly observed. Good correlation is observed in terms of the resonant frequencies except for the 2.4 GHz band. This is due to finite computing resources. In addition, simulation shows a higher SE as compared to measured SE. This is due to the smaller number of sampling points used during measurement which resulted in a less pronounced resonance compared to simulation. Generally, it is demonstrated experimentally that the triband EMI shield is able to provide 16 dB, 11 dB and 27 dB of SE at 900 MHz, 1.8 GHz and 2.45 GHz, respectively.
Conclusion
This paper has shown that multi-band rejection EMI shield can be realized based on screen-printing of conductive concentric rings on a single layer, which makes it ultra-thin and highly flexible. The initial design of the EMI shield can be easily established using an efficient equivalent circuit approach and further fine tuning can be achieved with full-wave simulation. Using a tri-band rejection EMI shield as an example, good agreement has been demonstrated experimentally. This kind of EMI shields can be easily applied as wall-paper to existing building walls for rejection of unwanted frequency bands without affecting the desirable frequency bands.
